In inner ear hair cells, activation of mechanotransduction channels is followed by extremely rapid deactivation that depends on the influx of Ca 2ϩ through these channels. Although the molecular mechanisms of this "fast" adaptation are largely unknown, the predominant models assume Ca 2ϩ sensitivity as an intrinsic property of yet unidentified mechanotransduction channels. Here, we examined mechanotransduction in the hair cells of young postnatal shaker 2 mice (Myo15 sh2/sh2 ). These mice have no functional myosin-XVa, which is critical for normal growth of mechanosensory stereocilia of hair cells. Although stereocilia of both inner and outer hair cells of Myo15 . We conclude that the Ca 2ϩ sensitivity of the mechanotransduction channels and the fast adaptation require a structural environment that is dependent on myosin-XVa and is disrupted in Myo15 sh2/sh2 inner hair cells, but not in Myo15 sh2/sh2 outer hair cells.
Introduction
Mechano-electrical transduction (MET) in inner ear hair cells is initiated by deflection of stereocilia, the microvilli-like cellular projections that are arranged in rows of graded heights (Corey and Hudspeth, 1979) . Current models postulate that yet unidentified MET channels are mechanically gated by the tension of tip links, the extracellular filaments connecting the tops of the shorter stereocilia, and the adjacent taller stereocilia (Pickles et al., 1984) . After activation, Ca 2ϩ influx through these nonselective cation channels initiates the adaptation processes that deactivate MET channels on both fast and slow time scales (Wu et al., 1999; Holt and Corey, 2000) . "Slow" adaptation has been linked to the motor activity of unconventional myosin-Ic , although myosin-VIIa may also participate (Kros et al., 2002) . The myosin-based adaptation motor is thought to move the upper end of a tip link along the actin core of a stereocilium, resetting link tension and resulting in slow adaptation (Howard and Hudspeth, 1987; Hacohen et al., 1989; Assad and Corey, 1992) .
The ATPase cycle of any myosin might be too long to account for fast adaptation that occurs on submillisecond timescales . According to one model, fast adaptation occurs when Ca 2ϩ ions enter the cell and close the MET channel by binding to or near the channel (Howard and Hudspeth, 1988; Crawford et al., 1991) . According to an alternative hypothesis, Ca 2ϩ binds to some intracellular structural element(s) in series with the MET channel, causing decrease of the tension applied to the channel and its inactivation Martin et al., 2003) . There is evidence that myosin-Ic mediates fast adaptation in vestibular hair cells, providing "tension release" by a quick conformational change (Stauffer et al., 2005) . It is still unknown whether myosin-Ic is essential for orders of magnitude faster adaptation in mammalian auditory hair cells (Kennedy et al., 2003; Ricci et al., 2005) .
Myosin-XVa is localized at the tip of every stereocilium in mammalian hair cells (Belyantseva et al., 2003) . In shaker 2 mice (Myo15 sh2 ), a recessive mutation in the motor domain prevents translocation of myosin-XVa to the stereocilia tips (Belyantseva et al., 2003 (Belyantseva et al., , 2005 , resulting in abnormally short stereocilia and profound deafness Nal et al., 2007) . In young postnatal homozygous Myo15 sh2/sh2 mice, auditory hair cells are still mechanosensitive despite stereocilia length abnormalities (Stepanyan et al., 2006) . Here, we demonstrate that the absence of myosin-XVa in Myo15 sh2/sh2 stereocilia disrupts fast adaptation and Ca 2ϩ sensitivity of the mech- OHCs have a still prominent staircase arrangement of the stereocilia and obliquely oriented tip links. We propose that Ca 2ϩ dependent deactivation of the mechanotransducer requires proper positioning and/or oblique orientation of the tip links, which are both disrupted in Myo15 sh2/sh2
IHCs but not in Myo15 sh2/sh2 OHCs.
Materials and Methods
Organ of Corti explants. Organ of Corti explants were dissected at postnatal days 1-4 (P1-4), placed in glass-bottom Petri dishes (WillCo Wells), and cultured in DMEM medium supplemented with 25 mM HEPES and 7% fetal bovine serum (Invitrogen) at 37°C and 5% CO 2 as described previously (Russell et al., 1986; Russell and Richardson, 1987; Stepanyan et al., 2006) . Briefly, the sensory epithelium was separated first from the lateral wall and then from modiolus. The most basal "hook" region was cut out and the remaining two turns were uncoiled and placed into the Petri dish to form a circle. The hair cells located approximately at the middle of the explant were used for experiments. The organ of Corti explants were kept in vitro from 1 to 6 d before the experiments. The equivalent age (age of dissection ϩ days in vitro) of the specimens reported in this study was P3-9. In some experiments, 10 g/ml ampicillin (Calbiochem) was added to the medium with no observed effects on MET currents. All animal procedures were approved by the University of Kentucky Animal Care and Use Committee. Mouse genotyping. We mate a homozygous mutant male to a heterozygous female. This produces ϳ1:1 ratio of normal to mutant phenotypes. In parallel with organ of Corti dissections, we dissect sensory epithelium from ampulla, fix it in 4% paraformaldehyde in HBSS for 2 h, and stain with rhodamine phalloidin (Invitrogen) to visualize F-actin of stereocilia. Normal and mutant phenotypes are easily distinguishable by observing rhodamine-stained bundles of vestibular hair cells with epifluorescent illumination. This procedure is relatively fast and provides a phenotypic determination of genotypes by the time cultured epithelia are ready for experiments. For definitive genotyping, tail snip samples were extracted from mouse pups, and genomic DNA was purified using the DNeasy Tissue Kit (Qiagen) and eluted in 200 l. PCR was performed using LA TaqDNA polymerase (Takara Mirus Bio). Primers and PCR conditions were described previously (Belyantseva et al., 2005) .
Whole-cell patch-clamp recording. Most experiments were performed in L-15 cell culture medium (Invitrogen) containing the following inorganic salts (in mM): NaCl (137), KCl (5.4), CaCl 2 (1.26), MgCl 2 (1.0), Na 2 HPO 4 (1.0), KH 2 PO 4 (0.44), MgSO 4 (0.81). However, when we tested the effects of extracellular solution with low Ca 2ϩ , we used in the bath a modified HBSS containing the following inorganic salts (in mM): NaCl (138), KCl (5.3), CaCl 2 (1.5), MgCl 2 (1.0), NaHCO 3 (4.17), Na 2 HPO 4 (0.34), KH 2 PO 4 (0.44). All experiments were performed at room temperature.
Hair cells were observed with an inverted microscope using a 100ϫ oil-immersion objective (numerical aperture: 1.3; working distance: 0.2 mm) and differential interference contrast (DIC). To access the basolateral plasma membrane of the OHCs and IHCs, outermost cells were removed by gentle suction with a ϳ5 m micropipette (Figs. 1 A, 2A) . Smaller pipettes for whole-cell patch-clamp recordings were filled with intracellular solution containing (in mM): CsCl (140), MgCl 2 (2.5), Na 2 ATP (2.5), EGTA (1.0), HEPES (5). Osmolarity and pH of the intrapipette solution were adjusted with D-glucose and CsOH to match corresponding values of the bath (325 mOsm, pH ϭ 7.35). The pipette resistance was typically 2-4 M⍀ when measured in the bath. Patchclamp recordings were performed with a computer-controlled amplifier (MultiClamp 700B, Molecular Devices). Series resistance was always compensated (up to 80% at a 16 kHz bandwidth). After compensation, the time constant of the recording system determined by the "membrane test" feature of the pClamp 9.0 software (Molecular Devices) was in the range of 13-50 s. Between the records, IHCs were maintained at a holding potential of Ϫ65 mV, whereas OHCs were held at Ϫ70 mV. Unless specifically stated, we did not correct the values of holding potential for the voltage drop across the series resistance. For the period of MET recordings, the holding potential was temporarily changed to Ϫ85 or Ϫ90 mV. MET responses were low-pass filtered at 20 kHz (Bessel type) and averaged four times.
We did not analyze a cell with a maximal MET current Ͻ0.4 nA at holding potentials of Ϫ85 or Ϫ90 mV. Following the general wisdom of the field, we reason that a small amplitude of MET current is likely to indicate excessive damage to the MET apparatus, loading of the cell with Ca 2ϩ , improper fitting of the stimulating probe to the hair bundle, or other potential artifacts.
Hair bundle deflection by a piezo-driven probe. We deflected a hair cell bundle with a stiff glass probe that had been fire-polished to a diameter that matches the V-shape of the hair bundle (Fig. 1) . Therefore, the diameter of the probe is determined by the curvature of the bundle and may vary from ϳ3-4 m for OHCs at P3 to almost 10 m for older IHCs. All experiments were performed with hair cells at the mid-cochlear location, i.e., at the basal end of the first (apical) turn or at the beginning of the second turn of the cochlea. Because the length of the tallest OHC and IHC stereocilia at this cochlear location at P3-9 is in the range of ϳ1.5-3 m (Kaltenbach et al., 1994; Holme et al., 2002; Rzadzinska et al., 2005) , the probe must contact stereocilia at the lower half of its tip, even in hair cells of wild-type mice (Fig. 1 B) . In case of uniformly short stereocilia of Myo15 sh2/sh2 IHCs, the probe is positioned at the top of the bundle (Fig. 1 B) . There is an ϳ15°angle between the axis of probe movement and the bottom surface of a Petri dish, which translates a maximal movement of the probe of ϳ1 m into a horizontal movement of ϳ0.96 m and a vertical movement of ϳ0.27 m (Fig. 1 B) . This vertical movement is less than the typical height of Myo15 sh2/sh2 hair bundles (ϳ0.5-1 m).
The probe was moved by a fast piezo actuator (PA 4/12, Piezosystem Jena ) driven by a high-power amplifier (ENV 800, Piezosystem Jena ). The command voltage steps were generated by pClamp software and low-pass filtered with the analog Bessel-type filter (48 dB/oct; Stanford Research Systems) that is known for its superior step response. The movement of the probe was monitored (see below) and the filtering frequency was optimized experimentally for each probe to achieve the maximal speed of the probe movement but without excessive resonant oscillations. Typically, the filtering frequency was set just below the resonant frequency of the probe, which varied substantially, in the range of 10 -20 kHz. To avoid lateral resonances, the length of the probe was kept to minimum, no more than 20 mm, typically ϳ15 mm. Concentric mounting of the probe was also important. We tightly mount the probe into a concentric hole that was drilled in a 3 mm diameter plastic screw. To provide additional stiffness, the screw-probe assembly was first tightened with a small strip of Parafilm and then tightly secured to the piezo actuator.
We monitored horizontal movement of the probe by a photodiode technique (Crawford et al., 1989) . A custom-made lens projected the image of the probe to the pair of photodiodes (SPOT-2DMI, OSI Optoelectronics) at a 600ϫ magnification. The photodiode signal was amplified by precision current preamplifiers (SIM918, Stanford Research Systems) and recorded with pClamp software. It is impossible to monitor the actual movement of stereocilia beneath the probe, because the probe obscures the stereocilia. Because the probe is rigid, the tallest stereocilia are deflected with the speed of the probe movement, which had a time constant of 12-20 s (see Fig. 3G ). For uniformly short stereocilia of Myo15 sh2/sh2 IHCs, it means that all responding stereocilia become deflected in ϳ12-20 s. For wild-type IHCs, the overall speed of bundle displacement depends on whether or not the shorter rows of stereocilia move in unison with the tallest row. Coherent stereocilia movement at high frequencies has been demonstrated only for frog sacculus hair cells (Kozlov et al., 2007) but not for mammalian IHCs. Having these caveats in mind, we always monitor the time course of the MET current activation to estimate the speed of the force that is "sensed" by MET channels. The rising phases of MET current activation and the probe movement were fitted with a first-order Boltzmann function:
where R max is the amplitude of the response, t 0 is the mid-point of the transition, and is the time constant. This function was chosen because it gives the best approximation of the command voltage steps in our experimental conditions. The reported activation time constants ( act ) are the time constants of this fit. The voltage-displacement relationship of the probe movement was calibrated by video recording, and the command voltage was converted to displacement units. Resting (zero) position of the bundle was determined by manually advancing the piezo-probe toward the bundle in the excitatory direction until the MET current appeared and then stepping back until the cell current returned to normal.
Hair bundle deflection with a fluid-jet. The pressure is generated by High-Speed Pressure Clamp (ALA HSPC-1, ALA Scientific) and applied to the back of a glass pipette with a tip diameter of ϳ5 m that is filled with the bath solution. The pipette tip is positioned at a distance of ϳ5-10 m in front of the hair bundle (see Fig. 9B ). Before each experiment, the steady-state pressure is adjusted to produce zero flow at resting conditions. This adjustment is performed by monitoring debris movement in front of a water-jet using high-resolution DIC imaging. During the experiment, the movement of the hair bundle is recorded at a video rate for subsequent frame-by-frame computation of the bundle displacements using algorithms that were developed for quantifying electromotility of isolated OHCs (Frolenkov et al., 1997) .
Drug delivery. A puff pipette with an opening of ϳ3 m was filled either with dihydro-streptomycin (Sigma) dissolved in the extracellular solution, or with a low Ca 2ϩ HBSS containing (in mM): NaCl (138), KCl (5.3), CaCl 2 (0.02), MgCl 2 (1.0), NaHCO 3 (4.17), Na 2 HPO 4 (0.34), KH 2 PO 4 (0.44), or with zero-Ca 2ϩ HBSS (as above but without Ca 2ϩ ) supplemented with 5 mM BAPTA, or with FM1-43 (Invitrogen) dissolved in the extracellular solution to a final concentration of 10 M. The puff pipette was placed behind the hair bundle at a distance of ϳ30 m in such a way that a test application of extracellular solution did not evoke any noticeable MET current. Moderate pressure (10 -15 kPa) was applied to the back of the puff pipette by a pneumatic injection system (PDES-02T, npi electronics) gated under software control. Subtilisin (protease type XXIV; Sigma) was dissolved in extracellular solution and applied to the bath.
Fluorescent imaging. Time-lapse live cell fluorescent imaging was used to observe FM1-43 accumulation in the auditory hair cells. Cultured organ of Corti explant was observed with epifluorescent illumination using Nikon TE2000 inverted microscope equipped with a 100ϫ, 1.3 numerical aperture oil-immersion objective and a spinning wheel confocal imager (CARV, BD Biosciences). Images were acquired with an ORCA-II-ER cooled couple-charged device camera (Hamamatsu) using MetaMorph software (Universal Imaging).
Scanning electron microscopy. At the end of every experiment, the cultured organ of Corti explant was fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer supplemented with 2 mM CaCl 2 for 1-2 h at room temperature. The specimen was dehydrated in a graded series of acetone, critical-point dried from liquid CO 2 , sputter-coated with platinum (5.0 nm, controlled by a film-thickness monitor), and observed with a fieldemission scanning electron microscopy (SEM; S-4800, Hitachi). The location of the cells that have been patched is easily identifiable on SEM images because neighboring cells are removed to gain access to the basolateral plasma membrane of the hair cells (Fig. 2 A) . Because a hair cell is usually damaged after detaching the patch-clamp pipette, we examine the hair bundles in the undisturbed regions of the epithelium next to the recording area (Fig. 2 B) . Tip links can be easily identified in these images (Fig. 2C) .
Results

Normal mechanosensitivity but disrupted adaptation in IHCs without functional myosin-XVa
Stereocilia link morphology is dramatically different in IHCs of young normal hearing heterozygous (Myo15 ϩ/sh2 ) and deaf homozygous Myo15 sh2/sh2 mice. In contrast to the apparently normal set of tip and "side" links of Myo15 ϩ/sh2 IHCs (Fig.  3A) , the abnormally short Myo15 sh2/sh2 IHC stereocilia of approximately equal heights are interconnected only by top-totop links that run perpendicular to the stereocilia (Fig. 3B ). We used a conventional whole-cell patch-clamp technique to record MET responses in hair cells of the cultured organ of Corti explants at the mid-cochlear location ( Fig. 1) . MET currents were evoked by deflection of the stereocilia bundles with a piezo-driven rigid glass probe ( Fig. 1 B) . After MET recordings, the same specimens were examined with SEM to determine the morphology of stereocilia links (Fig. 2) .
Despite the absence of classical obliquely oriented tip links, Myo15
IHCs exhibit prominent MET responses (Fig. 3D ). The maximal amplitude of MET current in Myo15 sh2/sh2 IHCs was actually larger than that in Myo15 ϩ/sh2 IHCs ( Fig.  3C ,D, F ). We included in this study only the cells with MET current larger than 0.4 nA (at a holding potential of Ϫ90 or Ϫ85 mV). In all Myo15 ϩ/sh2 IHCs, MET current showed prominent adaptation with a major, rapid component occurring at a submillisecond time scale (Fig. 3C) . Following a commonly accepted definition, we will refer to this component as fast adaptation. None of Myo15 sh2/sh2 IHCs exhibited fast adaptation (Fig. 3D) .
In each experiment, we deflected the hair bundle as fast as possible without evoking the resonant oscillations of the piezo-driven probe. The time constant of the probe movement determined by a photodiode technique was in the range of 12-20 s (Fig. 3G ). In the majority of experiments with either Myo15 ϩ/sh2 or Myo15 sh2/sh2 IHCs, MET responses were activated as fast as we could move the probe (Fig. 3 E, H ) . The average time constant of MET current activation was identical in normal Myo15 ϩ/sh2 IHCs and in mutant Myo15 sh2/sh2 IHCs (Fig. 3G ). Similar to the previous report in rat OHCs (Ricci et al., 2005) , these data do not resolve the actual activation kinetics of the MET channels. They just show that the activation of MET responses follow the stimulus. However, the time constant of our stimulation (Ͻ20 s) was rapid enough to evoke fast adaptation in wild-type IHCs and in
Myo15
ϩ/sh2 IHCs. In fact, we still detected robust fast adaptation in normal IHCs, even when we intentionally decreased the speed of bundle deflection and activated MET responses with the time constant as slow as ϳ50 s (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). This is slower than the time constant of any of our MET records in the mutant Myo15 sh2/sh2 IHCs (Fig. 3G ). We concluded that the absence of fast adaptation in Myo15 sh2/sh2 IHCs could not be caused by an abnormally slow speed of MET activation.
The overall extent of adaptation in Myo15 sh2/sh2 IHCs was severely affected at all nonsaturating stimuli intensities. A residual adaptation in Myo15 sh2/sh2 IHCs was small, Ͻ30% compared with almost 90% adaptation at small bundle deflections in Myo15 ϩ/sh2 IHCs (Fig. 3I ) . The time constant of adaptation in Myo15 sh2/sh2 IHCs was an order of magnitude larger than that of the fast adaptation in Myo15 ϩ/sh2 IHCs (Fig. 3J ). This relatively slow residual adaptation in Myo15 sh2/sh2 IHCs may correspond to the slow adaptation in wild-type IHCs. Indeed, the time constants of this residual adaptation in Myo15 sh2/sh2 IHCs were identical to the time constants of slow adaptation in Myo15 ϩ/sh2 IHCs (Fig. 4C) . Typically, adaptation is more prominent at low stimuli intensities and vanishes at higher intensities Crawford et al., 1989; Ricci et al., 2005) . This phenomenon was prominent in phenotypically normal Myo15 ϩ/sh2 IHCs (Fig. 3C ), but not in the mutant Myo15 sh2/sh2 IHCs (Figs. 3D; 4A, B).
The lack of functional myosin-XVa does not affect adaptation in OHCs
Starting from late embryonic development, myosin-XVa is present at the tips of every stereocilium not only in IHCs, but also in OHCs and vestibular hair cells of wild-type mice and rats (Belyantseva et al., 2003 (Belyantseva et al., , 2005 Rzadzinska et al., 2004; Schneider et al., 2006) . Therefore, if myosin-XVa is a part of the machinery of fast adaptation, fast adaptation in Myo15 sh2/sh2 OHCs should also be disrupted, similarly to the loss of fast adaptation in Myo15 sh2/sh2 IHCs. OHCs of young postnatal Myo15 sh2/sh2 mice possess numerous stereocilia links (Fig. 5B ) that are similar to the links in OHCs of normal-hearing heterozygous littermates (Fig. 5A ) and typical for this developmental age (Goodyear et al., 2005) . In contrast to Myo15 sh2/sh2 IHCs, tip links (i.e., filaments running from the top a shorter stereocilium to the side of a taller stereocilium along the axis of normal mechanosensitivity) are still present in Myo15 sh2/sh2 OHCs (Fig. 5B, inset) , although not as prominent as in normal Myo15 ϩ/sh2 OHCs (Fig. 5A, inset) . Apparently, the dramatic difference of tip link morphology between Myo15 sh2/sh2
IHCs and OHCs is caused by a still apparent staircase arrangement of abnormally short stereocilia in Myo15 sh2/sh2 OHCs (Fig.  5B) .
In Myo15
sh2/sh2 OHCs, we observed a fast mechanically gated current (Fig. 5D ) that was indistinguishable from the MET current in Myo15 ϩ/sh2 OHCs (Fig. 5C ). These MET responses showed prominent fast adaptation (Fig. 5C ,D, right traces). Slow adaptation, the subsequent decay of MET current on a time scale of tens of milliseconds, was also observed (Fig. 5C,D, left traces) . We did not find any statistically significant differences in the extent of adaptation between Myo15 ϩ/sh2 and Myo15 sh2/sh2 OHCs at any stimulus intensities (Fig. 5E ). Myo15 ϩ/sh2 and Myo15
sh2/sh2
OHCs also showed a nearly identical inverse relationship between the time constant of fast adaptation and the maximum MET current (Fig. 5F ). An almost identical dependence of the fast adaptation on MET current has been reported for OHCs of wild-type rats (Kennedy et al., 2003) . The largest MET current in these experiments was Ͼ1 nA and it was observed in a mutant OHC (Fig. 5F ). We concluded that myosin-XVa is unlikely to be a part of the fast adaptation machinery, at least in young postnatal OHCs.
Postnatal development and the loss of fast adaptation in Myo15 sh2/sh2 IHCs All our data were obtained from cells located approximately at the middle of the cochlea, i.e., at the basal end of the first (apical) turn or at the beginning of the second turn of the cochlea, and at the equivalent age of P3-9 (age of dissection ϩ days in vitro). At this developmental stage, the distribution of stereocilia links as well as the expression and localization of many known stereocilia link proteins are not yet fully mature (Goodyear et al., 2005; Ahmed et al., 2006; Nayak et al., 2007) . In contrast, maturation of MET responses seems to be generally completed by P3 in the OHCs of wild-type rats (Kennedy et al., 2003; Waguespack et al., 2007) and mice (Kros et al., 1992; Stauffer and Holt, 2007) , perhaps with the exception of the OHCs at the very apex of the cochlea (Waguespack et al., 2007) . In our experiments, we observed no changes in the adaptation properties of MET responses within the developmental period of P3-9 neither in OHCs nor in IHCs, in both Myo15 ϩ/sh2 and Myo15 sh2/sh2 mice (supplemental Fig. S2 , available at www.jneurosci. org as supplemental material).
All our data were obtained from cultured organ of Corti explants. In vitro conditions may accelerate or slow down the developmental maturation of stereocilia bundles as well as affect the distribution and the number of stereocilia links. Therefore, we examined stereocilia bundles of IHCs in the acutely dissected organs of Corti from Myo15 ϩ/sh2 and Myo15 sh2/sh2 mice. Al- though we observed some signs of accelerated maturation in vitro, such as slightly accelerated thickening of stereocilia and retraction of surrounding microvilli together with the smallest excess stereocilia, we did not notice any apparent changes in the distribution and the abundance of stereocilia links neither in Myo15 ϩ/sh2 IHCs nor in Myo15 sh2/sh2 IHCs (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material).
Impaired Ca 2؉ sensitivity of the MET apparatus in Myo15
sh2/sh2 IHCs It is well known that Ca 2ϩ influx through the MET channels promotes adaptation in wild-type hair cells Crawford et al., 1989; Ricci and Fettiplace, 1998; Beurg et al., 2006 (Crawford et al., 1991; Ricci and Fettiplace, 1998) . We observed both these phenomena in Myo15 ϩ/sh2 (Fig. 6 A) but not in Myo15 sh2/sh2 IHCs (Fig. 6 B) . Application of low Ca 2ϩ solution to undeflected hair bundles produced an increase of wholecell current in Myo15 ϩ/sh2 IHCs but evoked only negligible current changes in Myo15 sh2/sh2 IHCs (Fig. 6C,E IHCs (Fig. 6 D) . OHCs (Figs. 3J, 5F ).
Mechanotransduction in Myo15 sh2/sh2 IHCs is mediated by top-to-top stereocilia links
Although top-to-top stereocilia links in Myo15 sh2/sh2 IHCs cannot be classified as "tip links" based on their localization, they exhibit the known biochemical properties of tip links (Assad et al., 1991; Zhao et al., 1996; Goodyear and Richardson, 1999) : sensitivity to Ca 2ϩ chelation by BAPTA and insensitivity to subtilisin treatment ( Fig. 7A-C) . BAPTA treatment effectively eliminated all stereocilia links in Myo15 sh2/sh2 IHCs (Fig. 7B) . However, this does not mean that the absence of myosin-XVa somehow eliminates BAPTAinsensitive side links. In the first week of postnatal development, side links are not well developed in mouse IHCs (Goodyear et al., 2005) . The same BAPTA treatment completely eliminated all stereocilia links also in the wild-type age-matched control IHCs, but did not disrupt side links in Myo15 sh2/sh2 OHCs (data not shown). In Myo15 sh2/sh2 IHCs, BAPTA treatment that eliminates top-to-top links also disrupts MET responses (Fig. 7D) . Therefore, we conclude that MET responses in Myo15 sh2/sh2 IHCs are likely to be mediated by the top-to-top links.
Are the top-to-top stereocilia links tensioned at rest? SEM images show splaying of the hair bundle after BAPTA treatment (Fig. 7B) , which may be an artifact of SEM preparation, but IHC bundle are held together by the tension of the top-to-top links. Because MET channels in Myo15 sh2/sh2 IHCs are activated by both positive and negative displacements (see Fig. 9 ; below), it is not easy to determine whether such resting tension exists. We applied to resting (undeflected) stereocilia bundles dihydrostreptomycin (250 M), a known reversible inhibitor of MET channels . In both Myo15 ϩ/sh2 and Myo15 sh2/sh2 hair cells, this application produced a similar inhibition of whole-cell current (Fig. 7E ). The average current response produced by dihydrostreptomycin at Ϫ60 mV holding potential was 36 Ϯ 8 pA in Myo15 ϩ/sh2 IHCs (mean Ϯ SE, n ϭ 4) and 42 Ϯ 6 pA in Myo15 sh2/sh2 IHCs (n ϭ 4). The difference is not statistically significant (t test of independent samples).
Then, we briefly applied to Myo15 sh2/sh2 organ of Corti explants FM1-43, a small styryl dye that permeates mechanotransduction channels (Gale et al., 2001; Meyers et al., 2003) . We observed accumulation of this dye in both OHCs and IHCs, albeit the labeling of Myo15 sh2/sh2 IHCs was significantly less intense (Fig. 7F ) . The surrounding supporting cells were not labeled at all. This difference between the intensity of FM1-43 labeling in OHCs and IHCs is not surprising, because it is well documented in the similar cultured organ of Corti preparations in the wild type (Gale et al., 2001; McGee et al., 2006; van Aken et al., 2008) . Therefore, MET channels in Myo15 sh2/sh2
IHCs may have some non-zero open probability at rest.
It was proposed that the resting tension of the tip links results in "tenting," an asymmetrical pointed shape of the tip of the stereocilium at the attachment to the tip link (Rzadzinska et al., 2004) . Rounded shape of the tips of tip link-free stereocilia in Myo15 sh2/sh2 IHCs (Figs. 3B, 4A ) is consistent with this proposal. Furthermore, in some but not all Myo15 sh2/sh2 specimens, we observed tenting at the side of a stereocilium, at the attachment points of the topto-top links (Fig. 7G ). These observations may indicate that: (1) top-to-top links may indeed be under tension in resting conditions; and (2) even when the force is applied in unfavorable direction perpendicularly to the actin core of stereocilium, some remodeling of the stereocilia cytoskeleton may still be possible.
Although taken alone none of the above observations is compelling, all of them together allow us to propose that top-to-top links in Myo15 sh2/sh2 IHCs may be under certain tension in resting conditions.
Abnormal directional sensitivity of
Myo15
sh2/sh2 IHCs Mathematical models predict that stretching an obliquely oriented tip link (or an elastic element associated with this link) is proportional to the angular deflection of the stereocilia bundle, whereas stretching a horizontal link (e.g., the link oriented parallel to the cuticular plate such as the top-to-top link) is proportional to the square of the angle of stereocilia deflection (Geisler, 1993) . Therefore, at small bundle deflections, top-to-top links should undergo minimal stretching compared with the stretching of obliquely oriented tip links (Geisler, 1993; Pickles, 1993) . In qualitative correspondence with this prediction, the average current-displacement relationships (IX-curves) showed that MET responses to the small deflections in Myo15 sh2/sh2 IHCs are smaller than the MET responses to similar stimuli in Myo15
IHCs (Fig. 8) . Quantitative testing of this model prediction would require systematic measurements of the shape of stereocilia as well as stereocilia link dimensions and orientations in the specimens devoid of tissue shrinkage artifacts associated with SEM preparation, e.g., in the fast-frozen freeze-substituted preparations.
Mediation of mechanotransduction by top-to-top links should also have a profound impact on the directional sensitivity of the hair bundle. In contrast to wild-type hair bundle, where tip link tension increases when the bundle is deflected toward the tallest stereocilia and decreases when the bundle is deflected in the opposite direction, movements of Myo15 sh2/sh2 IHC stereocilia in either positive or negative directions should produce an increase of tension of the top-to-top links resulting in comparable MET responses. In full correspondence with this prediction, we found that deflections of Myo15 sh2/sh2 IHC bundles in the normally inhibitory direction (away from kinocilium) produced robust mechanotransduction responses (Fig. 9A, top traces) . The same stimulation in Myo15 ϩ/sh2 IHCs evoke significant MET current only at the falling phase of bundle deflection (Fig. 9A , middle traces) suggesting generally mature directional sensitivity of these age-matched (P4-P9) control IHCs. Furthermore, abnormal directional sensitivity of Myo15 sh2/sh2 IHCs was also observed in the experiments where we deflect stereocilia in positive and negative directions in the same record using fluid-jet stimulation and where we monitor simultaneously the movement of the stereocilia bundle (Fig. 9B) .
Bidirectional stimulation of Myo15 sh2/sh2 IHCs with a piezodriven probe is complicated, because the probe is deflecting stereocilia from the top (Fig. 1 B) and, therefore, the adhesion forces between the probe and stereocilia have to be really strong to produce MET responses to negative displacements. Among Myo15 sh2/sh2 IHCs reported in this study, it happened only twice and the results were similar. In these two Myo15 sh2/sh2 IHCs, we were able to deflect stereocilia bundle with biphasic ramps (Fig.  9C) and generate a detail current-displacement relationship (Fig.  9D ). This relationship clearly shows the abnormal directional sensitivity of the Myo15 sh2/sh2 IHC bundle and confirms the pre- diction that the tension of top-to-top links is proportional to the square of the angle of stereocilia deflection (Geisler, 1993 OHCs have apparently normal adaptation as discussed below. Therefore, we propose that the machinery of fast adaptation includes an accessory element(s) to the transduction channel that is inactivated in Myo15 sh2/sh2 IHCs but not OHCs.
The speed of MET channel activation and the loss of fast adaptation in Myo15 sh2/sh2 IHCs Current techniques of hair bundle deflection with a piezo-driven probe are too slow to resolve the activation kinetics of the MET channels in mammalian auditory hair cells (Ricci et al., 2005) . Therefore, it is still theoretically possible that the absence of myosin-XVa in IHC stereocilia somehow slows down the activation of the MET channels. However, any such effect must occur on a time scale below ϳ20 s, which is the identical time constant of the rising phase of MET responses in Myo15 sh2/sh2
and Myo15 ϩ/sh2 IHCs (Fig. 3G ). Even slower stimuli are able to evoke fast adaptation in phenotypically normal Myo15 ϩ/sh2 IHCs (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Moreover, when the MET channels have order of magnitude slower activation kinetics, fast adaptation still occur in turtle auditory hair cells (Ricci et al., 2005) . Finally, Myo15
sh2/sh2
IHCs are not sensitive to extracellular Ca 2ϩ even in resting conditions, without any mechanical stimulation of the bundle (Fig. 6 D) . Thus, even if some unnoticed changes of the activation kinetics of the MET channels in Myo15 sh2/sh2 IHCs do occur, they are unlikely to account for the dramatic reduction of MET adaptation observed in these cells.
Role of stereocilia links in the gating of MET channels
Although generally accepted, the assumption that the MET channels are gated by the tension of tip links is largely based on one experimental finding: the concurrent disappearance and recovery of mechanotransduction together with tip links after BAPTA treatment (Assad et al., 1991; Zhao et al., 1996) . Here we examined and confirmed two predictions of the "tip link" theory: the abnormal current-displacement relationship at small bundle displacements (Fig. 8) ; and the abnormal directional sensitivity (Fig. 9 ) of a bundle with mechanosensitive top-to-top links.
Maximum MET current in Myo15 sh2/sh2 IHCs was larger than that in Myo15 ϩ/sh2 IHCs. To some extent, it could be attributed to the release of Ca 2ϩ -dependent inhibition of MET channels in Myo15 sh2/sh2 IHCs (Fig. 6) . However, MET current in Myo15 sh2/sh2 IHCs did not saturate even at the largest bundle deflections (Fig. 8) , suggesting that, in addition to their Ca 2ϩ sh2/sh2 IHC bundle (middle), and a patch pipette (right). Traces below show the records obtained in this experiment (from top to bottom): MET responses, movement of the stereocilia bundle determined by off-line frame-by-frame analysis of the video record (Frolenkov et al., 1997) , and the command pressure that was applied to the fluid-jet pipette. C, In an experiment when the probe was strongly adhered to the hair bundle, both positive and negative ramp-like deflections of stereocilia evoked MET responses in a 
insensitivity, Myo15
sh2/sh2 IHCs may have more functional MET channels per cell. Indeed, the total number of stereocilia in Myo15 sh2/sh2 IHCs is slightly larger than that in Myo15 ϩ/sh2 IHCs (76 Ϯ 4, n ϭ 16 and 68 Ϯ 2, n ϭ 22, respectively; equivalent age: P3-6). Moreover, the smallest excess stereocilia at the base of postnatal Myo15 ϩ/sh2 IHC bundle are unlikely to contribute to MET current, because they are unlikely to be deflected when the force is applied to the taller stereocilia. In contrast, equally short stereocilia of Myo15 sh2/sh2 IHCs are probably deflected all together, producing larger MET current. Finally, it is also possible that some MET channels become associated with "inappropriate" links in Myo15 sh2/sh2 IHCs, resulting in a larger number of MET channels per stereocilium. In any case, our data show that stereocilia links are critical for mechanotransduction even in such an unusual hair bundle that has only top-to-top links.
Different effects of myosin-XVa deficiency in OHCs and IHCs
Our data demonstrate that myosin-XVa is required for normal adaptation in IHCs but not in OHCs. One could suggest that IHCs use myosin-XVa for adaptation, whereas OHCs use another molecule. However, available reports convincingly show the presence of myosin-XVa at the tips of wild-type stereocilia in both IHCs and OHCs, including the young postnatal specimens as we used in this study (Belyantseva et al., 2003; Rzadzinska et al., 2004) . Alternatively, the absence of myosin-XVa within the MET complex might be differently compensated for in IHCs and OHCs by another unconventional myosin. This hypothetical compensation has to be absent in Myo15 sh2/sh2 IHCs and nearly complete in Myo15 sh2/sh2 OHCs. However, in the wild type, the known stereocilia myosins that could affect adaptation (Ic, VIIa, and IIIa) are available in both IHCs and OHCs (Hasson et al., 1995; Dumont et al., 2002; Schneider et al., 2006) . It is more likely that the loss of fast adaptation in Myo15 sh2/sh2 IHCs is associated with an unusual hair bundle architecture in these cells, which adds to other predicted effects of this architecture that have been demonstrated in this study (Figs. 8 -9 ).
Mechanotransduction in Myo15
sh2/sh2 IHCs and a "channel reclosure" model of fast adaptation In its simplest form, the channel reclosure model proposes that fast adaptation results from deactivation of the MET channel by Ca 2ϩ ions that bind to this channel at some intracellular site (Howard and Hudspeth, 1988; Crawford et al., 1991; Wu et al., 1999; Holt and Corey, 2000) . Therefore, the model implies that the adaptation should occur whenever there is a substantial and fast influx of Ca 2ϩ through the MET channels. The large and fast MET current in Myo15 sh2/sh2 IHCs is not compatible with this simple model. Furthermore, our data show that sensitivity of the MET machinery to extracellular Ca 2ϩ can be disabled without apparent degradation of the amplitude and the speed of MET responses. In turtle hair cells, low extracellular Ca 2ϩ increases single channel conductance of the mechanotransducer (Ricci et al., 2003) . This effect is probably mediated through a Ca 2ϩ binding site that is different from the site responsible for fast adaptation, because depolarization of the cell eliminates fast adaptation but does not influence MET channel conductance Beurg et al., 2006) . The large amplitude of MET responses and the loss of sensitivity to extracellular Ca 2ϩ indicate that the MET channels in Myo15 sh2/sh2 IHCs may be "locked" in a high conductance state. Apparently, Ca 2ϩ sensitivity is not an intrinsic property of the MET channel but it also depends on a microenvironment of the channel. To explain these observations, a more elaborate model may include an accessory element that, during Ca 2ϩ binding, forces the MET channel to change conformation, decreasing the single channel conductance (Fig. 10 A) . Another Ca 2ϩ -sensing accessory element may be responsible for fast adaptation, as it has been proposed in the tension release model Martin et al., 2003) . It is easy to envision how a tension release element could be dissociated from the MET channel (Fig. 10 B) or become inactive (Fig. 10C) in Myo15 sh2/sh2 IHCs. It was demonstrated that fast adaptation depends on myosin-Ic (Stauffer et al., 2005) that may serve as a tension release structural element (Tinevez et al., 2007; Adamek et al., 2008; Hudspeth, 2008) . In reality, all hypothetical accessory elements depicted in Figure 10 may consist of just one protein with multiple Ca 2ϩ -binding sites, several different proteins, or one or more macromolecular complexes. Regardless of the molecular nature of these accessory elements, the loss of fast adaptation in Myo15 sh2/sh2 IHCs is consistent with a tension release model, but requires modifications to the simple channel reclosure model.
Staircase architecture of the hair bundle as a structural prerequisite for fast adaptation
In hair cells of all vertebrates, the mechanosensory stereocilia are arranged in rows of graded heights. This evolutionary conserved staircase architecture of the hair bundle was suggested to be absolutely essential for hair cell mechanosensitivity (Manley, 2000) . Our study is the first to show prominent MET responses in hair cells without the staircase architecture of the stereocilia bundle. Therefore, the staircase architecture of the bundle is not a prerequisite for hair cell mechanosensation. However, the staircase sh2/sh2 IHCs, this element may somehow become dissociated from the MET channel. For example, it may be localized at the tip of a shorter stereocilium. The MET channels (open circles) may be localized at either or both ends of the tip link (Denk et al., 1995) . B, According to the tension release model of fast adaptation, Ca 2ϩ ions enter the cell and bind to the nearby tension release element that releases the tension applied to the MET channel Martin et al., 2003) . If the tension release element is situated at the tip of a stereocilium, it may become separated from the MET channel in Myo15 sh2/sh2
IHCs, resulting in loss of fast adaptation. C, Because myosin-Ic molecules are thought to be assembled in series along the length of a stereocilium (Gillespie and Cyr, 2004) , the overall displacement produced by this assembly might also be directed along the stereocilium. If this tension release displacement is oriented along the stereocilium, it would decrease the tension of an obliquely oriented tip link in a normal Myo15 ϩ/sh2 IHC but would not be effective in changing the tension of a perpendicularly oriented top-to-top stereocilia link in a mutant Myo15 sh2/sh2 IHC.
morphology ensures the oblique orientation of the tip links (Pickles et al., 1984) , which is essential for the optimal gain of the mechanotransducer (Howard and Hudspeth, 1987; ) (see also Fig. 8 ) and perhaps for fast adaptation . Fast adaptation is linked to the active force generation in the stereocilia bundle (Ricci et al., 2000) , which could amplify soundinduced vibrations in the cochlea (Martin and Hudspeth, 1999; Kennedy et al., 2005; Cheung and Corey, 2006) . In nonmammalian species, this "stereocilia-based" amplification is likely to determine the sensitivity of hearing (Martin and Hudspeth, 1999; Manley, 2001) . In mammals, the role of the "stereocilia amplifier" is less clear, because cochlear amplification requires an additional mechanism of prestin-based somatic motility of OHCs (Liberman et al., 2002; Dallos et al., 2008) . However, even in mammalian hair cells, fast adaptation may contribute to optimal filtering of the MET responses regardless of whether it is associated with cochlear amplification or not (Ricci, 2003; Dallos et al., 2008) . Our study suggests that the staircase architecture of the hair bundle may be a structural prerequisite for fast adaptation.
